Abstract
Introduction
Alpine treeline refers to the ecological transition between mountain forest and alpine shrub or meadow (Peters 2002) . It presents a unique alternate region in the habitat between the upper limit of the closed forest and sparse upright trees (Malanson 2001 ). Körner and Paulsen (2004) defined treeline as the altitude which group trees higher than three meters are capable of growing. Above treeline trees are often sparse and stunted because of harsh environment especially with low temperature. Treeline is sensitive to temperature variation and thus used as proxy and indicator of climate change (Körner 1998; MacDonald et al. 1998; Lloyd and Fastie 2002; Smith et al. 2003; Theurillat and Guisan 2001) . Despite its importance, there exist debates on mechanism explanations of treeline formation and its dynamics. In global perspective, treeline positions are after all controlled by low temperature (Körner 1998; Holtmeier et al. 2003; Körner and Paulsen 2004) in terms of growth (carbon sink) limitation (Hoch and Körner2003; Shi et al. 2008) . In local scale, treelines are subject to limitation associated with temperature and heat constraints (Holtmeier et al. 2003) , disturbance (Holtmeier 2005) , reproductive regeneration obstacle (Smith et al. 2003) , and growth constraints (Press et al. 1998; Li et al. 2008) . In any case, seedling recruitment and tree establishment are intimately associated with treeline dynamics. Tree establishment at treelines requires favorable climate, suitable microsites, and viable seeds (Wilmkinget al. 2012 ). In the past decades, most researches have been addressed treeline microclimate and its effects on tree regeneration (Maher and Germino 2006; Maher et al. 2005; Zhang et al. 2010; Liang et al. 2011; Liu and Luo 2011; , however little is known about seed quantity and quality and its controls on seedling recruitment. Such knowledge is important to better understand to which extent the early part life stage is constrained in life form transition at treeline (Körner 2012) . It will enhance the understanding of reproductive process and vegetation dynamics (Hofgaard 1993) .
Seed quantity and quality, seedling recruitment and survival play important role in the stability and succession of tree population (Szwagrzyk et al. 2001) . The successful tree establishment decides the future dynamics of the treeline. Generally, tree establishment depends on quality and quantity of seeds, germination conditions of seeds, and overwintering of seedlings and growth conditions of the sapling (Clark 1998; Silva and Tabarelli 2001) . Therefore, understanding the information of seed quantity, quality dynamics, and recruitment has an important reference value in explaining the population dynamics and formation mechanism of treeline.
Tibetan Plateau has plenty of treeline species and diverse treelines. In southeastern Tibet Juniperus climbs up the high altitudes, and thereby forms one of the highest treelines (Wang et al. 2004; Miehe et al. 2007 ) over the world except Polylepis treeline in South American Andes (Hoch and Korner 2005) . Liang et al. (2011) reported the highest and stable smith fir treeline of Abiesgeorgei var. smithii at 4360 in north-facing slope in the Sygera Mountains, southeastern Tibet. They attributed little change of treeline position over the past 200 years to no tree establishment above treeline despite abundant seedling recruitment in response to climate warming in the past decades. Shen et al. (2014) proposed that extreme low temperature caused freezing events were the exact cause of unchanged treeline position. Both studies explained dynamics in terms of seedling recruitment in response to microclimate. However, little is known about the seed amount, quality and its effects on seedling recruitment. Without such information, the reproduction and early life stage of tree establishment is not clear (Körner 2012) . The related work is underrepresented due to tedious and time-consuming exploration (Smithet al. 2009 ). The seed and reproduction ecology will undoubtedly shed light on the mechanism explanation of environmental screening and seedling recruitment.
The major constraints of seedling recruitment depend on suitable habitats, sufficient temperature and length of growing season, adequate soil moisture and seed viability and availability and animal browsing as well (Sveinbjörnsson et al. 2002) . Of which viable seeds are the basis and pivotal for tree establishment (Körner 2012) . How seed germination and seedling recruitment respond to altitudes will likely be determined by seed quantity and quality and vary in slope aspects. Therefore, it is important to assess seed viability in response to environment change along altitudes in order to identify upper limit of tree establishment.
In this study, we assume that seed quantity and quality decrease dramatically at treeline ecotone. It will be the bottleneck of seedling recruitment source together with environmental filtering by harsh microclimate. To test this hypothesis, we measured seed quantity and quality, seedling recruitment and emergence and overwintering rate of transplanting seeds of smith fir in altitudinal gradient ranging from 3600 m in closed forests to 4400 m at treeline in the Sygera Mountains. The objectives are to: 1) measure change of seed quantity and quality and determine tipping point in the altitudinal gradient; 2) examine to which extent the seedling recruitment is constrained especially in treeline ecotone. Our study will underpin the foundation for the in-depth understanding of the formation mechanism of alpine treeline in southeastern Tibetan Plateau.
Materials and Methods

Field sites and microclimate
The study site is located in the Sygera Mountains in southeastern Tibet, China (29°37'-29°41' N and 94°39'-92°47' E, Figure 1 ), southward extension of the Nyenchenthanglha Mountains. The area is at the interface between humid and semi-humid climate zones in southeast Tibet. Affected by the Indian Ocean monsoon, the climate is characterized as "mild winter, cool summer, and distinct dry and wet seasons". According to the meteorological monitoring in Lynchi Forest Ecosystem Station at 3850 m a.s.l., mean annual air temperature (MAT) was −0.7°C. Warmest month (July) and coldest month (January) had an average temperature of 9.23°C and −13.98°C, respectively. The number of annual average sunshine hours was 1150.6 h with sunshine percentage of 26.1%. Annual average precipitation was 936.1 mm and annual relative humidity is 78.83% (Wang et al. 2005 ). The soil is composed mainly of thick layers of acid brown soil with distinct humification and pH of 4 to 6 (Yang et al. 2011) . The mean annual soil temperature (MAST) at depth of 10 cm decreased to below zero at treeline with a lapse rate of 0.55°C 100 m −1 in altitudinal gradient, while mean soil temperature in growing season declined mildly with lapse rate of 0.40°C 100 m −1 . Conversely mean soil moisture rose up with increasing altitude especially above 4000 m (Table 1) .
The main vegetation in the Sygera Mountains is categorized as montane coniferous forests (Li and Han 1985) composed primary Abiesgeorgei var. smithii (smith fir), Picea likiangensis var. linzhiensis, and Juniperus saltuaria. Among them, smith fir and J. saltuaria can reach forest limit and form treelines. Smith fir dominates in north-facing slope and also occupies part of south-facing slope to form treelines respectively (Zhang et al. 2010 ). Smith fir formed gradual treeline with group trees situated at 4370 m in both slopes according to the definition of Körner (1999) . Treeline ecotones range from 4200 to 4400 m. Above treeline some seedlings of smith fir can arrive at 4550 m but cannot establish trees. Shrubs dominated by Rhododendron nivale, R. lepidotum and take over alpine zone above treeline (Li et al. 2009 ) together with Cassiope fastigiata, Potentilla fruticosa. The area above 4600 m is alpine meadow with sparse Kobresia spp., Saussurea spp., Corydalis spp., Saxifraga spp. and Rhodiola spp. (Wang et al. 2005) . The altitudinal gradient ranging from 3800 to 4400 m dominated by smith fir in both sunny and shade slope of the Sygera Mountains provides ideal natural laboratory to examine performance of tree regeneration in contrast and changing environment (Yang et al. 2011; Zhang and Luo 2013) .
The experimental sites are in the smith fir primary forests in the Sygera Mountains. Six 20 × 30 m 2 fixed sample sites were set up in northeastfacing slope and southwest-facing slope (hereafter referred to as north-and south-facing slope) respectively from 3600 to 4500 m (Figure 1) . Altitudes of the sample sites had an interval of 200 m, or 100 m above the treeline. Twelve sets of EM50 portable meteorological stations (Decagon, USA) were installed in closed forests of the 12 fixed sample sites at both north-and south-facing slope of the Sygera Mountains in May 2009, as indicated by the asterisks in Figure 1 to measure air temperature and humidity at 0.5 m above-ground as well as soil temperature and moisture at depth of 10, 20, 40 and 60 cm layers. Seed rain, seed bank, germination and manipulation of transplanting seed emergence and overwintering experiments are monitored inside the fixed sample sites.
In the north-facing slope tree (with height higher than 150 cm) density decreased gradually with increasing altitude. But densities of seedlings (height less than 20 cm) and saplings (height between 20 and 150 cm) dropped down sharply at treeline (Figure 2 ).
Seed quality and quantity
We measured and compared seed quantity, quality along altitudinal gradient in south-and north-facing slope, respectively. Seed quality is defined as the viability of seeds in terms of size, weight and germination rate (Kollas et al. 2012; Wilmking et al. 2012 ). Seed quantity is the production in terms of abundance or amount of seeds in per unit area. Seed quantity was measured as seed rain and seed bank density (Hofgaard 1993; Körner 2012 ) in this study.
Five to 10 pieces of smith fir cones in each altitude were collected in September 2008 and brought to laboratory for measurement. The cone volume was measured by submergence method and number of seeds per cone was recorded. Seed size was measured as seed volume by digital vernier 
Figure 2
The numbers (mean ± SE) of seedling, sapling and tree along altitudinal gradient in northfacing slope.
caliper. Thousand kernel weight (TKW) was calculated as weight per 1000 seeds of over 300 seeds. Seed germination rate was measured as germination percentage of 100 seeds after incubation in wet filter paper at 25°C in the laboratory for one month until no sprout. The above parameters were measured with 5 replicates. Seed rain was collected with five randomly distributed 100 × 100 cm 2 seed traps at each altitude site. The seed rain collector was made of wooden frame with dimension of 100 cm (L) ×100 cm (W) ×10 cm (H), and the bottom was covered by double-layer gauze net with 1 × 1 mm 2 mesh. Seed rain samples were collected in September and October in three years from 2008 to 2010.
Soil seed bank was measured with five 0.5 × 0.5 m 2 random-set sample quadrat. Soil collected to depth of 5 cm were brought and sieved in the laboratory. Soil seed bank density was calculated as the number per square meter of soil surface.
Natural seedling recruitment
In each fixed site along altitude, we set up ten randomly 1 × 1 m 2 sample quadrat to measure seedling recruitment including seedling density, age, basal diameter and height of seedlings less than five years. Age of trees was determined by counting all terminal bud scars from the apex to the base of the hypocotyls (Parent et al. 2000) . Basal diameter was measure using vernier caliper. The mean values of above seedling parameters in each sample quadrat were calculated to represent the seedling recruitment at that altitude.
Seedling emergence and survival
To test in situ performance of seeds in the field, we collected seeds from 3600 and 3800 m in early winter 2008 to store in refrigerator at 5°C. Viable seeds were selected by salt solution and air-dried before store in refrigerator. The average germination rate of viable seeds is 67%, measured at constant temperature at 25°C in laboratory. Mixed viable seeds were sown to forest underground with similar canopy density in different altitudes in the north-facing slope in late June 2009. In each altitude, we sowed 100 seeds in 1 m × 1 m quadrat with three replicates. To prevent the seed rain of the previous year from falling into the sowing quadrat and animal browsing, each quadrat was shielded by gauze net in fall of 2008, and the germinated seedlings before seed transplanting experiment were eliminated. The emergence of seedling was recorded in every half month during the growing season from June to October in 2009. The number of seeds emerging was summarized to calculate seedling emergence rate. Seedling survival in the sowing quadrat was examined in late June 2010 as seed overwintering rate.
Statistical analysis
All data were converted to standard units and plotted using mean and standard error (SE). To test difference of seed quantity and quality, seedling recruitment and emergence rate along altitudinal sites, a repeated one-way analysis of variance (ANOVA) was used. When the ANOVA results were significant, means were compared using the least significant difference (LSD) test. All statistical analyses were performed using SPSS version 20.0 (SPSS Inc., IL, USA) and figures were drawn using GraphPad Prism version 6.0 (GraphPad Software Inc., CA, USA).
Results
Seed quantity-seed rain and soil seed bank
Seed production, in terms of seed rain density varied yearly. Seed mast years occurred in 2009 and 2010 respectively in south-and north-facing slope of the Sygera Mountains (Figure 3) . At same altitude from 3600 to 4400 m, average seed rain densities of smith fir were roughly the same at north-and south-facing slope (Figure 3a and 3b) . Quantitatively large difference occurred among altitudes. In average, seed rain density showed rapid decrease at altitudes higher than 4000 m (p<0.05). It is indicated that seed yields were mainly produced at altitudes less than 4000 m. At treelines, densities of seed rain in both slopes were scarce.
Seed bank also showed significantly decrease from 3800 to 4400 m in both slopes. It appeared that seed bank density had a peak at 3800 m although it was higher in north-facing slope than in south-facing slope (Figure 4 ). At treeline, seed density was reduced to 8.9% of that in 3800 m in north-facing slope. There were no seeds at treeline seed bank in south-facing slope. Despite its highest seed production, sites at 3600 m had lower seed density in seed bank (Figure 3 and Figure 4 ).
Seed quality and germination
Seed quality and germination characteristics of smith fir at different altitudes are shown in Table 2 . Although cone size (cone volume) decreased slightly along the altitudinal gradients, other parameters of seed quality showed rapid decrease, especially TKW and seed germination rate (SGR). Compared with at 3600 m, the cone volume, number of seeds per cone, seed volume and thousand kernel weight were reduced by 39.75%, 33.67%, 64.29% and 83.06% respectively at treeline in 4400 m, indicating that seed quality decreased sharply especially at treeline. Poor seed quality resulted in very low germination rate at treeline. These findings indicate that seed quality is a decisive factor that limits recruitment at treeline. 
Figure 4
Change of soil seed bank densities at north-facing slope (NFS) and south-facing slope (SFS) with increasing altitude. Significant differences (p<0.05) between the means (± SE) are marked with different letters (lowercase for north-facing slope and uppercase for south-facing slope) at different altitudes (n = 5). 
Natural seedling recruitment
The recent seedling recruitment (< 5 years) in terms of seedling density varied in different slope aspects, generally with higher density in northfacing slope than in south-facing slope at the same altitude. Seedling recruitment reached peaks at altitude of 4000 and 3600 m respectively in northand south-facing slope. Seedling density presented cliff-like drop in treeline ecotone from 4200 to 4400 m in north-facing slope, while went down significantly but gently from 3800 m in south-facing slope. At treeline in both slopes there was almost no seedling recruitment (Table 3) . Other seedling traits presented irregularly spatial patterns.
Seedling emergence and survival
Along altitudinal gradient in north-facing slope, seedling emergence rate (SER) decreased by 55% from 87% at 3600 m to 32% at treeline. Above treeline at 4500 m the emergence rate went down to nearly 20%. Average SER dropped sharply from 82.8% in closed forest below 4200 m to 28.0% in treeline ecotone. Seedling overwinter rate (SOR) also showed rapidly decrease at treeline ecotone, with average SOR ranging from 9.6% in closed forest to 3.3% at treeline (Table 4) . The results suggest transplanted viable seeds of closed forests from 3600 to 3800 m emerge significantly lower at treeline ecotone than original habitats.
With joint analysis of natural seedling recruitment, transplanting seed emergence and microclimate (Table 1 and Table 4 ) along altitudinal gradient, it is clear that treeline ecotone from 4200 to 4400 m is the critical area for seedling recruitment and overwintering. For 
Notes:
Values (mean ± se) within the same column followed by the different lowercase letters are significantly different (p< 0.05) among different altitudes at north-and south-facing slope respectively according to LSD test (n = 10). Notes: Values (mean ± SE) within the same column followed by the different lowercase letters are significantly different (p < 0.05) among different altitudes according to LSD test (n = 3). SER: seedling emergence rate; SOR: seedling overwintering rate; MSH: minimum soil moisture at soil depth of 10 cm; DAT: days of air temperature >0°C; ELAT: extreme low air temperature; ATGS: air temperature during growing season; AT0: > 0°C accumulated temperature; AT5: > 5°C accumulated temperature.
successful recruitment, suitable soil temperature at 10 cm is over 6°C in growing season, mean annual soil temperature above 0°C (Table 1) . And other beneficial heat conditions are length of growing season with air temperature above 0°C more than 200 days, mean air temperature higher than 8°C, accumulated temperature > 0°C and 5°C exceeding 1000°C and 300°C, respectively (Table 4) .
Discussion
This altitudinal survey of seed and seedling traits revealed sharp reduction of seed quantity and quality, and consequently constrained seedling recruitment at treeline ecotone. Thus our results support our hypothesis that seed quantity and quality are critical bottleneck for tree establishment and advancement at treeline ecotone, matching the observation of no change treeline position in past 200 years in the Sygera Mountains.
Seed quantity and quality
Our results of seed rain, soil seed bank and seed quality of smith fir decreased with the increase in altitude, consistent with the conclusion of most seed ecology studies in world treeline ecotone (Wardle 1970; Black and Bliss 1980; Allen and Platt 1990; Szeicz and Macdonald 1995; Cuevas 2000) .
Seed quantity decreased sharply 200 to 400 m below treeline, specifically seed rain decreased rapidly in lower elevation at 4000 m, while seed bank dropped down at 4200 m. Similar rapid decrease of seed quantity and quality was also observed over the last 200 m below treeline of Picea abies (see Körner 2012) in Swiss Alps and treeline of Betula pubescens ssp. tortuosa in northern Sweden (Molau and Larsson 2000) . This change was associated with sparse and sharp decrease of tree density (Figure 2 ) and seed production ( Figure 3 ) at treeline ecotone. Other reasons might include long interval of mast seed year, short length of growing season and multi-year duration of conifer cone maturation at treeline (Körner 2012) .
Seeds become mature, fall to the soil and then enter seed bank if they cannot germinate within a short period (Walck et al. 2011) . Seed bank can be balanced by germination, aging, death, or animal grazing (Kudo and Hirao 2006; Turner et al. 2006; Wagner and Mitschunas 2008; Inouye 2008) . The reasons why seed bank densities apparently higher at north-facing slope than at south-facing slope depended on lower soil temperature, close canopy and shade environment, and consequently leading to lower seed germination in north-facing slope. Soil seed bank plays a potential important role in vegetation regeneration (Szwagrzyk et al. 2001 ) and population stabilization (Silva and Tabarelli 2001) . Sharp decline of seed bank density in treeline ecotone ranging from 4200 to 4400 m suggests that the balance of seed population will potentially become regeneration bottleneck in this area.
Germination rates of seeds in different altitudes in same condition of laboratory provided direct evidence of seed quality. Seed germination rate in laboratory is only 3%. The apparent fall of seed quality is associated closely with smaller seed size and lower thousand kernel weight at treeline ecotone. Low seed quality could be resulted from the constraints imposed by low temperature and short length of growing season (Sveinbjörnsson et al. 1996) . Similar decrease of seed quality is also found in some survey (Tranquillini 1979) . But seed size and size of embryos are conservative traits. There is little change of seed quality in terms of seed size (Körner 2012) . Kollas et al. (2012) found tree seed quality did not reduce in high elevation range limit. Some species, for example Polylepis incana in Ecuador (Marcora et al. 2008) and Betula pubescens in north Sweden (Holm 1994) even increase seed weight with elevation. Körner (2012) speculated that a resource limitation-driven selection could be based on the tradeoff between seed size and total number of seed production. In contrast to closed forest, sparse trees at treeline would be expected to select bigger seeds, enhancing seedling survival. Unfortunately we found decline in both seed quantity and quality in the Sygera Mountains. This might worsen seedling recruitment, and thereby become bottleneck for tree establishment at treeline ecotone.
Seedling recruitment and survival
It is clear from our data to reveal that seed size and seed quantity both affected germination, seedling recruitment and survival. First, small and light seeds at treeline ecotone have limited nutrient reserves, unable to develop extensive root systems. Seedlings would be inferior to adaptation in the harsh, variable environment (Cuevas 2000) . Second, relatively seed rain density decreased more sharply than seed size and mass ( Figure 3 and Table 2 ), indicating seed traits more conservative in seed size than seed number. As a result, seed quantity becomes the more severe bottleneck for seedling recruitment.
Despite all that, there were relatively mild changes in seed traits but sharp fall of germination, seedling density, and emergence and overwintering rate of transplanted seeds at treeline ecotone. This indicates that seed traits therefore appeared to be less important than harsh microclimate in determining seedling recruitment. Apart from other thermal thresholds for successful recruitment, suitable soil temperature at 10 cm over 6 °C in growing season is consistent with the temperature threshold of plant starting growth and world treeline (Körner and Paulsen 2004) .
Climate has a critical influence on seedling recruitment. Particularly, the influence of temperature and moisture on seed dormancy, germination, seedling growth and the survival determines whether regeneration can be successful (Fitch et al. 2007; Walck and Dixon 2009; Baeten et al. 2010) . The change in altitude often triggers the change in temperature and moisture conditions. In an environment with adequate moisture alike at treeline, temperature plays a decisive role in the germination of seeds and the growth and development of seedlings. Studies have shown that harsh habitat conditions (i.e., abiotic factors) in a high-altitude region affect the carbon balance of individual seedlings, and reduced carbon balance due to the increase in altitude not only shortens the growth season (Tranquillini 1979; Stevens and Fox 1991) but also weakens the net photosynthesis rate (Körner 1998) . But ultimately low temperature limits seedling growth rather than carbon source (Korner 2003) . The low temperature at high altitudes affects the storage of energy by residual seedlings and results in seedlings more sensitive to environmental pressure. This indirect influence will more easily cause the damage or death of individuals than direct influence (Cuevas 2000) . The results of the study indicated that along with increase in altitude, temperature is the most severe bottleneck in seed germination, seedling emergence and survival.
Harsh microclimate has important role in environment filtering so that emergence and overwintering rate are fairly low. Hofgaard (1993) monitored nearly 10 years of seed rain quantity and quality and found seed viability did not exceed 1% in northern Sweden. The mortality of emerged seedlings is reported to be very high in the first year (Ohlson and Zackrisson 1992) , consistent with our observation. Although we did not know regeneration history and periodic seed production, we can simply calculate the turnover rate of seedlings to saplings and trees using data of Figure 2 . The mean turnover rate of seedlings to saplings and saplings to trees is 1.4% and 20% respectively in altitudinal gradient, but the rates drop to 0.9% and 8.2% respectively at treeline. Despite very sparse recruitment in most years, continuous years of low regeneration are short in comparison with long life history of trees. Consequently periodic regeneration success in benign years is sufficient for maintenance of treeline position (Hofgaard 1993) .
Taken together, this study suggests that harsh environment especially low temperature is the overwhelming controller and threshold to constrain tree recruitment at treeline ecotone. However, our results are based on short period of survey. Detailed eco-physiological studies are required to examine how dynamics of seedling fate, role of environmental filtering and tree establishment contribute to treeline dynamics.
Conclusion
Our results show that seed quantity and quality are bottleneck of seedling recruitment at treeline ecotone. 
